All relevant data are within the paper and its Supporting Information files. Atrium and Torso Models are available from the institutional and public repository of the Polytechnic University of Valencia (RIUNET, <http://hdl.handle.net/10251/55150>).

Introduction {#sec001}
============

Atrial arrhythmias, mainly atrial fibrillation (AF), are the most common sustained cardiac arrhythmias in humans and are considered major causes of morbidity and mortality \[[@pone.0141573.ref001]\]. In recent decades this has led to the in-depth study of the human atrial anatomy and electrophysiology from cellular to tissue scale, which has provided a large amount of information on the atrial structure and function. However collecting all this multi-scale heterogeneous information in order to understand pathological mechanisms is somewhat complex. Atrial arrhythmias induce rapid and irregular activation patterns that are reflected as irregular P-wave morphology in the electrocardiogram (ECG) and as irregular atrial activity in body surface potential maps (BSPM) recorded from multi-electrodes \[[@pone.0141573.ref002]\]. However, the relationship between the atrial electrophysiological function, the electrocardiogram (ECG), which is still the primary source of information for diagnosis, and the BSPM still presents many challenges and unknowns that cannot be solved experimentally. Although recent studies have used the electrocardiographic P-wave and the BSPM characteristics to localize high-frequency rotors on the atrial surface in AF \[[@pone.0141573.ref002]\] or to detect atrial structural abnormalities \[[@pone.0141573.ref003]\], all of them highlight the difficulty of separating the contribution of the different atrial structures to P-waves and the BSPM.

Computational modelling provides a framework for integrating multi-scale models to solve detailed atrial electrophysiology together with the forward problem in cardiology in order to link atrial activity with the recorded signals, such as electrograms (EGM), ECG and the BSPM \[[@pone.0141573.ref004]\]. Such a framework has to include all the available multi-scale information, from sub-cellular processes up to the body scale, and detailed descriptions of atrial and body anatomy, to provide meaningful and realistic results. For instance, it is well known that the microstructure of the atrial tissue plays a key role in the sequence of electrical activation, in both healthy and diseased subjects \[[@pone.0141573.ref005]\]. The sequence of activation and the direction of the depolarisation wavefront are strongly dependent on the preferential conduction bundles and the myofibre architecture \[[@pone.0141573.ref006]\]. As regards electrophysiology, it is known that the atrial cells and tissue have heterogeneous properties, which give rise to different action potential morphologies. Since not all the necessary functional and anatomical data required for the models is available, it is usually complemented with data collected from different animals or human ex-vivo histological samples collected ad-hoc to overcome these limitations.

Several computational models of the atria have already incorporated important features, such as detailed myofibre orientation and specialised fast conduction pathways from histological studies \[[@pone.0141573.ref007],[@pone.0141573.ref008]\], from micro-CT studies \[[@pone.0141573.ref009]\] or from diffusion tensor magnetic resonance imaging (DT-MRI) \[[@pone.0141573.ref010]\]. However, these models are usually built from different animal data or are based on incomplete histological descriptions from the literature. Moreover, most of the models do not take the torso into account and therefore cannot be used to obtain the ECG or to study the relationship between internal and external electrical signals.

The main objective of this work is to present a complete three-dimensional model of the human atria and torso to elucidate the relationship between internal electrical signals and body surface maps, by identifying the contribution of the electrical sources from each region of the atria on the surface signals. To obtain reliable results, our previously developed atrial model \[[@pone.0141573.ref008]\] was improved anatomically with new histological information. Cellular and tissue heterogeneities were also redefined using the cellular Maleckar model \[[@pone.0141573.ref011]\] and considering the experimental results available. Finally, we also developed a torso model that included the geometrical and electrical properties of the principal organs. We used this integrated model to perform multi-scale electrophysiology simulations and to analyse the contribution of different areas of the atria to the different phases of the P-wave from the cellular level up to the torso scale. We also analysed the body surface patterns to elucidate the spatial and temporal contribution of each atrial region to the total surface potential map and to show the best regions of the torso for detecting the activation of the different atrial structures.

Material and Methods {#sec002}
====================

A. Analysis of histological data {#sec003}
--------------------------------

The anatomical data used in this study has been gathered over recent years. In particular 30 formalin-fixed hearts from patients who died of non-cardiac causes has been considered \[[@pone.0141573.ref012]--[@pone.0141573.ref015]\]. This study has been approved by the bioethical committee on human research (University of Extremadura, registration n°14/2015). The mean heart weight was 375±25 g (range 325--420 g). The hearts selected to represent the spectrum of morphological features were dissected and prepared for light microscopy to perform the histological studies. Blocks of tissue encompassing various atrial regions were processed and serially sectioned at 12 or 15 μm in sagittal or anteroposterior, frontal and transverse planes. Sections were stained at 1 mm intervals with Masson's trichrome \[[@pone.0141573.ref012]\]. Photographs were taken using a stereo microscope equipped with a digital camera (Nikon SM 1500). The resolution of the histological images was 300 pixels/inch (width: 2560 pixels, height 1920 pixels). The microscope software was used to perform different measurements.

The alignment of the myocardial fibres of the atria was studied by peeling away the epicardium and the endocardium to reveal the arrangement of the major muscular bundles that make up the walls of the atrial chambers. The macroscopic appearance of slender muscle bundles revealed three main orientations: circumferential, longitudinal, and oblique. Circumferential fibres were those parallel to the insertion of the tricuspid and mitral valves; longitudinal fibres were perpendicular to the circumferential fibres, and oblique fibres were at angles to both.

A total of 21 anatomical atrial regions were identified, and the principal direction of the fibres within each region was histologically analysed ([Fig 1a--1h](#pone.0141573.g001){ref-type="fig"}). With the exception of views (b) and (h) which were common to 60% of the hearts studied, the fibre orientations shown in all the other views were observed in 80% of the hearts. In the right atria (RA), 12 regions were recognised: sinoatrial node (SAN), Crista Terminalis (CT), Bachmann bundle (right part, BBR), intercaval bundle (IB), septum (RAS), lateral wall (RLW), right appendage (RAA), pectinate muscles (PM), isthmus (IST), superior (SCV) and inferior cava veins (ICV) and ring of the tricuspid valve (TV). In the left atria (LA) 8 regions were identified besides the left section of the Bachmann bundle (BBL): superior wall (LSW), septum (LAS), left appendage (LAA), posterior wall (LPW), ring of the mitral valve (MV), right (RPV) and left pulmonary veins (LPV) and the coronary sinus (CS). In addition, the fossa ovalis (FO) and its limb (LFO), which connects the RA and the LA, were considered as one independent structure.

![Anatomical atrial regions and principal fibre direction.\
a)-h) Regions are delimited by dashed lines, displaying different atrial views with circumferential, longitudinal and oblique fibre directions; The preferential conduction axis are labelled in red colour. Panels b), c), d) and e) are adapted from \[[@pone.0141573.ref013]--[@pone.0141573.ref015]\] under a CC BY license, with permission from Ho SY and Sánchez-Quintana D, original copyright years 2012 and 2013.](pone.0141573.g001){#pone.0141573.g001}

After anatomically defining the boundaries of the regions, the principal fibre orientation was determined with respect to the global coordinate system of the atria by means of a vector in 3D. All vectors were considered tangential to the epicardial wall plane. Some structures, such as the SCV and the ICV, the TV and the MV, the RPV and the LPV, and the CS showed a circumferential fibre orientation. RA structures like the IB, the RLW and the RAA have homogeneously oriented fibres forming an approximate angle of 60° with respect to the CT, whereas RAS fibres are almost parallel to the CT. On the other hand, the IST fibres are parallel to those of the ICV and the TV. In the case of the LA, the fibres from the LAS are aligned parallel to their adjacent regions in the RAS (actually there is only one septum with two faces separated by an insulating layer). Fibres from the LPW descend from the LSW perpendicularly to the fibres in the junction between the RPVs and the LPVs with the MV. Finally, the LAA, the most prominent structure in the LA, aligns its fibres perpendicularly to those in the LSW.

Special emphasis was made on determining the morphology and location of the main conduction bundles. We observed three main structures: the CT, the PMs and the BB ([Fig 1d--1f](#pone.0141573.g001){ref-type="fig"}, red labels). The CT runs transmurally from the base of the SCV to the ICV with an average thickness of 3mm ([Fig 1d and 1f](#pone.0141573.g001){ref-type="fig"}). The PMs were identified as tubular structures that run on the luminal surface, almost parallel to each other, with a thickness of 1--2 mm. A total of 15 to 34 PMs were observed to be distributed along the CT and extended towards the vestibule ([Fig 1d](#pone.0141573.g001){ref-type="fig"}), in agreement with previous studies \[[@pone.0141573.ref016]\]. The BB was identified as a longitudinal two-sided structure connecting both atria. Its right side (BBR) starts at the SAN and embraces the SCV towards the LA. In the left side (BBL), the BB is divided into two main axes that extend around the LAA from both sides ([Fig 1e](#pone.0141573.g001){ref-type="fig"}).

B. 3D Model of the human atria {#sec004}
------------------------------

In the present work, we developed a new atrial model that improves our previous 3D model of the human atria \[[@pone.0141573.ref008]\]. The new model (RIUNET, <http://hdl.handle.net/10251/55150>) has enhanced anatomical and functional heterogeneity and the detailed regional description of fibre direction. The resulting computational finite element model is a multi-layer mesh with a homogeneous wall thickness between 600 and 900 μm (754.893 nodes and 515.010 elements), built with linear hexahedral elements with regular spatial resolution of 300 μm. Following the histological analysis, the model was manually divided into 21 regions. However, for the detailed description of fibre orientation, some regions were further subdivided into a total of 53 sub-regions ([Fig 2](#pone.0141573.g002){ref-type="fig"} row 1, and [S1 Table](#pone.0141573.s006){ref-type="supplementary-material"}).

![Properties of the 3D atrial model.\
Row (1) show in colours the division in 21 atrial regions; Row (2) shows preferential conduction bundles; Row (3) shows principal fibre direction; Columns correspond to a) Frontal view; b) rear view; c) inferior view; and d) right lateral view.](pone.0141573.g002){#pone.0141573.g002}

The model also includes the preferential conduction bundles ([Fig 2](#pone.0141573.g002){ref-type="fig"} row 2), which are the CT, PMs, BB with right (BBR) and left (BBL) sides and the LFO between both atria. From the information provided by the anatomical observations, the architecture of preferential bundles in the new model is the following: i) the CT runs down longitudinally from the SAN to the vestibule of the TV, with dimensions of 6 cm x 0.3 cm x 0.09 cm (length, width, intramural maximum thickness); ii) 10 PMs were included along the CT as parallel ridges that run on the endocardium of the RLW \[[@pone.0141573.ref016]\]. Their dimensions range from the smallest PM (1.7 cm x 0.15 cm x 0.06 cm) to the largest (4.5 cm x 0.3 cm x 0.06 cm). The septum spurium is an additional PM that branches out into 9 smaller PMs (each 0.1 cm wide) covering the endocardial surface area of the RAA; iii) the antero-superior interatrial connection follows the tubular structure of the BB. The BBR section originates in the SAN and extends 3.5 cm towards the LA with a width varying between 0.2 and 0.9 cm. The BBL turns around the LAA splitting in two branches. First branch (2 cm x 0.3 cm) extends towards the lower face of the LAA, and the second one (3 cm x 0.6 cm) extends around the LAA on its upper side, following the experimental observations and other previous results \[[@pone.0141573.ref017]\].

Atrial fibre orientation was analysed in detail to determine the number and location of regions with a common fibre organization ([Fig 2](#pone.0141573.g002){ref-type="fig"} row 3). This orientation was assigned to each region as the cross product between the principal region-defining vector direction and the normal to the external surface of each element belonging to that region. The result of this product was defined as the longitudinal direction of the fibre. As can be seen, the BB ([Fig 2](#pone.0141573.g002){ref-type="fig"}, row 3, column a), CT and PMs ([Fig 2](#pone.0141573.g002){ref-type="fig"}, row 3, column c) and the RLW ([Fig 2](#pone.0141573.g002){ref-type="fig"}, row 3, column d) match the histological observations ([Fig 1](#pone.0141573.g001){ref-type="fig"}). It is important to note that several neighbouring regions show large differences in the principal direction of their fibres and thus strongly influence the propagation of the electrical wavefront. These include: CT vs RLW, CT vs PMs, RLW vs TV, BBL vs LSW, and LPW vs base of LPV and vs RPV. All the anatomical properties and the morphology of each atrial region are described in detail in [S1 Table](#pone.0141573.s006){ref-type="supplementary-material"}.

C. Cellular and tissue electrophysiology modelling {#sec005}
--------------------------------------------------

Together with fibre orientation, regional electrical differences in cellular and tissue properties are critical characteristics for obtaining a realistic atrial action potential (AP) morphology and activation/repolarisation sequence. In our study, the cellular electrical activity is modelled by the Maleckar ionic model \[[@pone.0141573.ref011]\]. The maximum conductance of three ion currents I~to~, I~CaL~ and I~Kr~ was adjusted in eight different regions of both atria (RA, PM, CT, BB, TV, LA, PV, LAA and MV), see [Table 1](#pone.0141573.t001){ref-type="table"}, considering the experimental observations on AP morphology and duration \[[@pone.0141573.ref018]--[@pone.0141573.ref022]\]. A similar methodology was also used in previous computational works \[[@pone.0141573.ref007],[@pone.0141573.ref008],[@pone.0141573.ref023]\].

10.1371/journal.pone.0141573.t001

###### Ionic channel conductance and APD90.

![](pone.0141573.t001){#pone.0141573.t001g}

  Ionic Conductance / model                       RA, PM                       CT, BB                       RAA       TV         LA        PV          LAA     MV         
  ----------------------------------------------- ---------------------------- ---------------------------- --------- ---------- --------- ----------- ------- ------- -- --
  **g** ~**to**~                                  1.00                         0.50                         1.35      1.35       1.00      1.35        1.35    1.35       
  **g** ~**CaL**~                                 1.00                         1.00                         1.00      0.80       0.67      0.67        0.67    0.53       
  **g** ~**Kr**~                                  1.00                         0.50                         1.00      2.00       1.60      3.20        1.60    3.20       
  **Simulated APD** ~**90**~ **(ms) BCL = 1Hz**   199.0                        227.0                        189.0     173.0      181.0     161.0       171.0   158.0      
  **Experimental APD (ms)**                       **APD** ~**95**~             \[[@pone.0141573.ref018]\]   190.0±3   270.0±10   180.0±3   160.0±4                        
  **APD** ~**90**~                                \[[@pone.0141573.ref019]\]   170.9±4.3                                                   152.9±4.3                      
  **APD** ~**90**~                                \[[@pone.0141573.ref020]\]                                                               200.0       178.0              
  **APD** ~**90**~                                \[[@pone.0141573.ref024]\]   207.0±18                                                                                   

Relative values for the ionic channel conductance in each model and the APD90 after stimulating the cell model during 60 minutes. Experimental values from canine and human cells are also included.

To stabilize the cellular model of each region, a train of 3600 stimuli (1 ms of duration and 52 pA/pF of amplitude) was applied at a basic cycle length (BCL) of 1000 ms. After stabilizing, an additional stimulus with the same BCL was applied to check whether intracellular concentrations of \[Na^+^\], \[K^+^\] and \[Ca^2+^\] remained stable, obtaining a mean variation lower than the 2% millimolar measured instantly before the depolarization between the first and last stimulus within the last 60 stimuli. [Fig 3a](#pone.0141573.g003){ref-type="fig"} shows the characteristic AP for each of the 8 regional cell models. The differences in APD~90~ produced by each model can be found in [Table 1](#pone.0141573.t001){ref-type="table"} together with experimental values. For the RA and the PM, the APD~90~ (199 ms) is similar to values measured in human subjects (207.0±18 ms) at the same BCL of 1 Hz \[[@pone.0141573.ref024]\]. The models for the CT, the BB, the RAA and the TV regions were adjusted to match the experimentally observed APD~90~ ratios between different atrial regions within the RA The ratios obtained in the models were: +14.4% for CT/BB, -5.0% for RAA and -13.1% for TV, which have been experimentally reported as +42.1%, -5.3% -15.8%, respectively \[[@pone.0141573.ref018]\]. Our LA model has an APD~90~ ratio of -9.0% with respect to RA/PM versus an experimental observation of -10.5% \[[@pone.0141573.ref019]\], and a -11.0% reduction of the PV versus the LA as observed by \[[@pone.0141573.ref020]\]. Due to the lack of physiological data related to the LA, a similar variation between the RA and the LA was applied to the LAA with respect to the RAA (-9.5%) and the MVR with respect to the TVR (-8.7%). These eight cellular models were then assigned to specific regions within the atria (see [S1 Table](#pone.0141573.s006){ref-type="supplementary-material"} for full details).

![Cellular and tissue properties of the atrial model.\
a) Action potentials produced by each cell model in 0D (top) and the atrial regions to which each model has been assigned labelled by colour (bottom); b) Longitudinal (coloured) and transversal (grey) tissue conduction velocities in 3D (top) and the corresponding atrial regions colour coded (bottom). Each region has different longitudinal tissue conductivity.](pone.0141573.g003){#pone.0141573.g003}

The conduction velocities in each region were tuned by adjusting the longitudinal conductivities (σ~L~) and the anisotropy ratios (σ~T~/σ~L~) in a slab model (50x50x3 linear hexahedra with the same spatial resolution as the atrial model, 300 μm). As shown in [Fig 3b](#pone.0141573.g003){ref-type="fig"}, the mean longitudinal conduction velocity varies between high values for BB, PM, CT, LFO and CS (from 99.5 to 116.0 cm/s), medium values for PV and IST (from 75.0 to 76.6 cm/s) and medium-low values for RA and LA general tissue (63.3 cm/s). Note that the conductivity values obtained from the slab simulations were subsequently fine-tuned in the atrial model to match atrial activation sequences and P-wave morphologies to experimental measurements \[[@pone.0141573.ref003],[@pone.0141573.ref025]\]. The anisotropy ratio (σ~T~/σ~L~) assigned to the CT, the LFO, the BB and PM (fast conducting structures) was considered very high (0.15), matching experimental observations with anisotropy ratios between 0.1 \[[@pone.0141573.ref026]\] and 0.21 \[[@pone.0141573.ref027]\]. An anisotropy ratio of 0.35 was assigned to RA and LA tissue and of 0.5 to PV and CS regions \[[@pone.0141573.ref007],[@pone.0141573.ref008]\]. Finally, a ratio of 1.0 (isotropy) was assigned to IST, SAN and FO. These tissue properties determine the conduction velocity in each part of the atria, with values ranging between 63.3 cm/s and 116.0 cm/s, which matched well with the mean conduction velocity of 88±9 cm/s \[[@pone.0141573.ref016]\], the ranges of 70--90 cm/s through the RA free wall or 120--140 cm/s through the CT \[[@pone.0141573.ref028]\] and the mean RA and LA values of 70.2±9.9 and 77.0±10.8 cm/s respectively \[[@pone.0141573.ref029]\] measured experimentally. The complete list of atrial regions, conduction velocities and anisotropy ratios are summarised in [S1 Table](#pone.0141573.s006){ref-type="supplementary-material"}.

D. 3D Torso Model {#sec006}
-----------------

The torso dataset was obtained from the online open repository at the Centre for Integrative Biomedical Computing (CBIC) from University of Utah \[[@pone.0141573.ref030]\]. Data in this repository was anonymised and open to the research community at the time of building the new 3D torso model (RIUNET, <http://hdl.handle.net/10251/55150>). The principal organs contained in the torso (lungs, bones, liver, ventricle, blood pools, and flesh) were reconstructed by grey-level threshold segmentation to obtain the corresponding surfaces, which were manually corrected and smoothed ([Fig 4](#pone.0141573.g004){ref-type="fig"}). The torso was segmented by Seg3D software \[[@pone.0141573.ref031]\] and meshed with TetGen \[[@pone.0141573.ref032]\]. The resulting mesh had 190.804 nodes and 1.149.531 tetrahedral elements with a spatial resolution of 0.6 mm. Each element of the model was then automatically labelled as lung, bone, liver, ventricle, blood, and general torso, to assign their corresponding organ conductivities as reported in previous studies \[[@pone.0141573.ref030],[@pone.0141573.ref033]--[@pone.0141573.ref037]\]. The model was considered isotropic and had the following conductivities: i) myocardium (4.589 mS/cm), ii) bone (0.200 mS/cm), iii) liver (0.277 mS/cm), iv) lung (0.389 mS/cm), v) chest (2.390 mS/cm) and vi) blood (7.0 mS/cm).

![Torso model including the most relevant organs segmented from an MR stack.\
Included organs are: ventricle (light blue,), ii) bones (orange), iii) liver (green), iv) lungs (purple), v) blood (red) and v) chest (transparent white).](pone.0141573.g004){#pone.0141573.g004}

In this process, the original atrial model of the torso was removed and replaced by our detailed anatomical atrial model by rigid registration. The tetrahedral elements of the torso that overlapped with the atrial myocardium were highly refined to increase the number of nodes at which the extracellular potential was calculated. In this refinement process, a set of 33.905 additional torso nodes was included at a constant distance from the atrial boundary (0.8 mm) to reduce mathematical errors in the approximation of the extracellular potentials.

E. Propagation and body potential maps {#sec007}
--------------------------------------

The electrical propagation of APs in the atria was described by the monodomain model: $$\nabla \cdot \left( {\mathbf{D}\nabla V} \right) = C_{m} \cdot \frac{\partial V_{m}}{\partial t} + I_{ion}~~in~\text{Ω}_{H}$$ $$\mathbf{n \cdot}\,\left( {\mathbf{D}\nabla V} \right) = 0~~in~\partial\text{Ω}_{H}$$ where *D* is the equivalent conductivity tensor, *V* ~*m*~ is the transmembrane potential, *I* ~*ion*~ is the transmembrane ionic current that depends on the cellular model, *C* ~*m*~ is the membrane capacitance and Ω~H~ is the heart domain.

After performing atrial simulations and obtaining the transmembrane potential, *V* ~*m*~, the extracellular potentials were calculated at the torso nodes located at exactly 0.8 mm from the atrial boundary using the equations: $$\begin{array}{l}
{V\left( \overset{\rightarrow}{r} \right) = - \frac{\gamma}{4\pi} \cdot \frac{\sigma_{i}}{\sigma_{e}}{\iiint{{\overset{\rightarrow}{\nabla}}^{\prime}V_{m}\left( {\overset{\rightarrow}{r}}^{\prime} \right) \cdot {\overset{\rightarrow}{\nabla}}^{\prime}\left\lbrack \frac{1}{\left| {{\overset{\rightarrow}{r}}^{\prime} - \overset{\rightarrow}{r}} \right|} \right\rbrack dv}}} \\
 \\
 \\
\end{array}$$ $$V_{0}\left( \overset{\rightarrow}{r} \right) = V\left( \overset{\rightarrow}{r} \right)$$ where, $V\left( \overset{\rightarrow}{r} \right)$ is the extracellular potential calculated at point $\overset{\rightarrow}{r}$, σ~*i*~ and σ~*e*~ are the intracelular and extracelular conductivities, γ is a scale factor and $V_{m}\left( {\overset{\rightarrow}{r}}^{'} \right)$ is the transmembrane potential.

Under quasi-stationary conditions \[[@pone.0141573.ref038]\], the torso volume can be considered as isolated. Hence, the propagation of the extracellular potential throughout the torso is governed by the Laplace equation subjected to homogenous Neumann boundary conditions $$\nabla\, \cdot \,\left( {\mathbf{D}_{\mathbf{T}}\nabla V_{T}} \right) = 0~~in~\text{Ω}_{T}$$ $$\mathbf{\mathbf{n}}_{\mathbf{T}}\, \cdot \,\left( {\mathbf{D}_{\mathbf{T}}\nabla V_{T}} \right) = 0~~in~\partial\text{Ω}_{T}$$ where *D* ~*T*~ is the heterogeneous conductivity tensor of the torso, *V* ~*T*~ is the extracellular potential propagated through the torso, Ω~T~ represents the torso domain and δΩ~T~ its external surface.

The monodomain Eqs ([1](#pone.0141573.e001){ref-type="disp-formula"}) and ([2](#pone.0141573.e002){ref-type="disp-formula"}) were solved using the operator splitting numerical scheme with ELVIRA software \[[@pone.0141573.ref039]\] with a constant time step of dt = 0.02 ms. The Laplace equation (Eqs [5](#pone.0141573.e008){ref-type="disp-formula"} and [6](#pone.0141573.e009){ref-type="disp-formula"}) governing the propagation of the extracellular potentials throughout the torso was solved using ABAQUS (Dassault Systèmes Simulia Corp.), so that we obtain the potential for all the nodes in the torso domain every 1 ms. The volumetric conductor thus allowed us to study the potential maps within the torso, and at the surface, where P-waves and surface potential maps are registered (Body Surface Potential Maps, BSPM).

In the computations in which the torso was considered as uniform and infinite, Eqs ([3](#pone.0141573.e003){ref-type="disp-formula"}) and ([4](#pone.0141573.e004){ref-type="disp-formula"}) were used to calculate the pseudo-ECG in the precordial and standard leads from the simulated transmembrane potential, *V* ~*m*~.

Results {#sec008}
=======

A. Multi-scale atrial activation {#sec009}
--------------------------------

The eight stabilized cellular models (see [Methods](#sec002){ref-type="sec"}) were coupled into the 3D atrial model. Next, 10 additional stimuli with a frequency of 1 Hz, amplitude of 30 pA/pF and duration of 2 ms were applied to the SAN region to reach the steady-state in 3D and smooth differences between neighbouring regions. [Fig 5a](#pone.0141573.g005){ref-type="fig"} shows the spatial variability of APD~90~, which ranges from the lowest values at the PVs (153 ms) to the highest at the BB (235 ms). [Fig 5b](#pone.0141573.g005){ref-type="fig"} shows the mean APD~90~ and first standard deviation (σ) for each atrial region where minimum mean values correspond to the PVs (178.9±8.2 ms), whereas maximum mean values are from the BB (222.4±4.3 ms). Dispersion within each region ranges from σ = ±9.3 ms (CT) to σ = ±4.3 ms (BB). The relationship between APDs in each region at organ scale ([Fig 5c and 5d](#pone.0141573.g005){ref-type="fig"}) was maintained when compared to 0D, although a smoothing effect was observed due to coupling as expected ([Fig 3a](#pone.0141573.g003){ref-type="fig"}).

![Atrial action potential (AP) morphology and duration.\
a) APD~90~ (ms) measured in each node of the atria at the tenth beat; b) mean and standard deviation of the APD~90~ (ms) for each region; AP (mV) registered at one random node from c) each structure of RA, and d) each structure of LA.](pone.0141573.g005){#pone.0141573.g005}

[Fig 6a](#pone.0141573.g006){ref-type="fig"} shows the isochronal map of the atria activation sequence for the last stimulus applied (the tenth). After the SAN is depolarized (t = 0 ms, dark blue regions in [Fig 6a](#pone.0141573.g006){ref-type="fig"}), the CT, the BBR, the IB and the SCV simultaneously start their respective depolarisations (light blue regions in [Fig 6a](#pone.0141573.g006){ref-type="fig"}). The activation descends rapidly through the CT towards the ICV for 57 ms (arrow 1) activating sequentially the PMs and the endocardial wall of the IB. This activation pattern produces a triangular wavefront that spreads from CT to TV through the RLW and the RAA for 85 ms (arrow 2). The right side of the atrial septum (RAS) is activated by the IB at t = 20 ms, (light blue regions in [Fig 6a](#pone.0141573.g006){ref-type="fig"}), which allows a second wavefront to spread with lower conduction velocity from CT towards TV (arrow 3). Both wavefronts (arrows 2 and 3) collide in the TV, the last RA region activated, and thus produce the last activation time registered in the RA at t = 109 ms (orange regions in [Fig 6a](#pone.0141573.g006){ref-type="fig"}).

![Atrial local activation times (LATs).\
a) Isochronal LAT maps produced by the atria with fibre orientation (anisotropic); b) LAT differences between atrial model with anisotropic and isotropic tissue conductivity.](pone.0141573.g006){#pone.0141573.g006}

The activation moves through the BBR from the RA to the LA (arrow 4), registering the first activated point in the LA at t = 38 ms (light blue regions in [Fig 6a](#pone.0141573.g006){ref-type="fig"}). As can be seen, the original LA wavefront splits up into two parts, which facilitates the rapid depolarization of the LSW and regions around the LAA. The left side of the atrial septum (LAS) is partially activated by the BBL (arrow 5) and partially by the LFO 10 ms later (not visible in the figure). These LA activations produce four wavefronts at t = 64 ms, as can be observed in [Fig 6a](#pone.0141573.g006){ref-type="fig"}, which advance simultaneously towards the MV (arrow 5), the union between the superior and inferior RPV (arrow 6), the LPW (arrow 7) and the LAA (arrow 8).

The LAA shows a slow conduction velocity, since the depolarization wavefront travels perpendicularly to the local fibre direction, taking 61 ms to be completely depolarized. In the posterior wall, the LPW depolarization sequence depends on two wavefronts, one arriving from the LSW (arrow 7) and the other crossing the RPV (arrow 6). This causes a diagonal wavefront (arrow 9) that electrically sweeps the posterior wall from the superior RPV towards the inferior LPV for 64 ms.

The CS (arrow 10) is depolarized together with the LPW but with a slower conduction velocity due to the circular fibre direction. The latest activation time registered in the atria corresponds to t = 132 ms and is concurrent with the latest activation of the CS.

A complete atrial activation sequence together with all the time points that define the first and last activation of each atrial region can be seen in [S1 Video](#pone.0141573.s007){ref-type="supplementary-material"} and [S1 Table](#pone.0141573.s006){ref-type="supplementary-material"}.

In order to quantify the contribution of fibre orientation to the activation sequence, we compared the previous results with the atria activation sequence obtained from an isotropic atrial model. Tissue heterogeneity and longitudinal conduction properties were kept identical for both models, but the anisotropy ratio was fixed to 1:1 for the whole atria. [Fig 6b](#pone.0141573.g006){ref-type="fig"} shows the absolute differences in local activation times (LAT) between both configurations. Positive differences (reddish colours) correspond to regions that activate earlier in the isotropic model, whereas negative (bluish colours) correspond to regions that activate earlier in the anisotropic model. Since longitudinal conductivity and heterogeneity are equal in both models, the activation sequences seem similar, although the wavefront spreads out almost circularly from the SAN in the isotropic model, thereby the depolarization times registered are considerably lower in specific parts of the atria. The strongest effect produced by the isotropic model is the increase in the wavefront velocity in these regions, where it advances mainly perpendicular to the longitudinal fibre direction, such as the atrial appendages (RAA and LAA), the TV and the lower right area of the LPW. In the isotropic model the latest activation times are t = 94 ms and t = 112 ms for the RA and the LA respectively, 12.5% and 15.2% faster than in the anisotropic atrial propagation.

B. Body Surface Potential Maps and ECG {#sec010}
--------------------------------------

The distribution of potentials in the torso at different time points of the atrial activation is shown in [Fig 7](#pone.0141573.g007){ref-type="fig"} on coronal and axial planes (see [S2 Video](#pone.0141573.s008){ref-type="supplementary-material"} for the complete atrial and torso propagations) where the characteristic electrical dipole is clearly visible. During SAN depolarization (t = 0 ms, not shown in the figure) the atria and torso remain in a resting state. At t = 26 ms there is a visible dipole located on the upper right quadrant of the frontal chest ([Fig 7a and 7b](#pone.0141573.g007){ref-type="fig"}). For the following 44 ms the dipole slightly rotates towards the lower left quadrant and then backwards (at t = 70 ms) until it completely disappears from the surface when the RA is almost depolarized (at t = 93 ms). This rotation is clearly visible in the axial plane ([Fig 7c](#pone.0141573.g007){ref-type="fig"}). Atrial depolarization produces the maximum potential registered on the torso surface at t = 45 ms, when the atrial wavefront is travelling across the RLW and the RAS towards the upper side of the TV, and the interatrial wavefront starts the activation of the LA through the BB. At t = 70 ms, the electrical propagation flows towards the isthmus on the RA, and the left superior wavefront on the LA splits into three different directions ([Fig 6a](#pone.0141573.g006){ref-type="fig"}, arrows 5 to 7), causing dipole rotation and forcing higher potentials towards the posterior side of the torso. At t = 93 ms, the RA is almost depolarized but some regions in the LA such as the LAA, the MV, the CS and the LPV are still in a resting state. From then until t = 132 ms the potentials registered on the surface start decreasing, as can be observed in [Fig 7b and 7c](#pone.0141573.g007){ref-type="fig"}.

![Body surface potential maps over time.\
a) Atrial activation sequence at characteristic time points (first contact with BB at t = 26ms; starting depolarization of LA at t = 45ms; rotation of the atrial wavefront at t = 70ms; final RA depolarization from t = 93ms; latest LA depolarization time at t = 132ms); b) Torso frontal (left) and rear (right) surface displaying the electrical dipole at the same instants; c) Axial torso plane at the V1 and V2 height; d) P-wave (mV) registered at the precordial leads V1 to V6.](pone.0141573.g007){#pone.0141573.g007}

P-waves with a negative single-phase are obtained on the upper right chest ([Fig 7d](#pone.0141573.g007){ref-type="fig"}) precordial lead V1), and a positive single-phase on the inferior anterior torso ([Fig 7d](#pone.0141573.g007){ref-type="fig"}) precordial leads V3 to V6). Biphasic waveforms with initial positive deflection are observed from leads on the central and upper parasternal region ([Fig 7d](#pone.0141573.g007){ref-type="fig"}, precordial lead V2).

We performed a deeper signal analysis computing the Root Means Square (RMS) on the whole BSPM (from now on B-RMS) to obtain additional information on the P-wave signal magnitude and its morphology ([Fig 8](#pone.0141573.g008){ref-type="fig"}). The signals registered within the dotted square at the central position (high B-RMS values around 0.031 mVrms) correspond to the region of maximum potentials and have very similar biphasic morphology (0.35 mVpp). The main characteristic of all the P-waves within this square lies in their biphasic morphologies with a turning point from positive to negative potentials at t = 70 ms. This morphology is due to the rotation of the electrical dipole shown in [Fig 7](#pone.0141573.g007){ref-type="fig"}. P-waves in the upper right quadrant (dotted circle) also have the highest values of B-RMS, but show monophasic patterns with high negative amplitude (0.22 mVpp). A negative to positive change in the signal slope is observed in all the signals registered within this circle at t = 70 ms, also produced by the rotation of the electrical dipole. P-waves from the upper left quadrant (dotted diamond) and the lower right panel (dotted star) present low values of B-RMS (0.002 mVrms) and a very noisy monophasic morphology with low amplitude (0.04 mVpp and 0.03 mVpp, respectively) that prevented us from inferring useful information related to atrial activation. Finally, in the lower left quadrant (dotted triangle), we registered P-waves with medium values of B-RMS, indicating once again signals with sufficient monophasic amplitude (0.10 mVpp) to be considered useful information. As in the previous cases, the double peak at t = 70 ms (M-shaped morphology) represents the rotation of the electrical dipole. Potential B-RMS distribution in the rear torso was also analysed ([Fig 8b](#pone.0141573.g008){ref-type="fig"}) and similar conclusions were reached. Only signals registered on the green area of the rear central (dotted square) and lower quadrants (dotted triangle and star) allowed noise-free signals to be analysed.

![Spatial information from the potential root means square (B-RMS).\
a) B-RMS (mV~RMS~) at the frontal torso view; b) B-RMS (mV~RMS~) at the rear torso view. Geometric forms in each quadrant represent the torso area where the displayed P-waves are registered (units: mV *vs* ms).](pone.0141573.g008){#pone.0141573.g008}

This analysis allows us to predict the areas of the torso areas in which P-waves have enough amplitude and sufficiently well-defined morphology to be considered as sources of information for clinical decisions or the solution of the inverse problem. Based on these results, we define the frontal upper right and the frontal and rear lower left quadrants as the best sites to register P-wave signals. The blue coloured areas can thus be discarded in the analysis of the whole BSPM.

In this multi-scale validation of physiological atrial activation and its propagation through the torso it is important not only to analyse the signals on the torso surface, but also to find the conditions that determine the amplitude, duration and morphology of the P-waves. Two main effects must therefore be taken into account: i) the atrial anisotropy produced by the distribution of the atrial fibres and ii) the influence of the torso as a volumetric conductor. The individual effects on the P-wave morphology produced by changes in these properties are shown in [Fig 9](#pone.0141573.g009){ref-type="fig"}. The left panel shows differences between anisotropic (black line) and isotropic (red line) atrial propagation (see also [Fig 6](#pone.0141573.g006){ref-type="fig"}). The main changes produced by an isotropic atrial model when registering at the unipolar precordial or standard leads (only shown V3, V6 and the standard lead III) are: a) reduction of P-wave duration (-38% measured on V3); b) increase of P-wave maximum amplitude (37% measured on V3); and c) simultaneous depolarization of the RA and the LA, which causes differences in the activation patterns with erratic morphologies.

![Effect of the tissue heterogeneity in the P-wave morphology.\
a) Differences between anisotropic (black line) and isotropic (red line) atrial tissue propagation using a complete torso model; b) Differences between a complete torso model with heterogeneous electrical conductivities and the heat transfer equation (black line) and P-waves registered considering a homogenous and infinite torso approach using the equation of extracellular potentials (red line).](pone.0141573.g009){#pone.0141573.g009}

In the right panel we analyse differences in P-wave morphology considering: a) a complete heterogeneous torso model, and b) the torso as a homogenous and infinite volumetric conductor (see [Material and Methods](#sec002){ref-type="sec"}, section E). The P-wave produced using the homogenous volumetric approach (red line) differs from the heterogeneous approach (black line) in three significant aspects: a) reduction of P-wave duration (-43% measured on V3); b) reduction of P-wave amplitude (-56% measured on V3) opposite to the effect produced by isotropy; and c) morphological changes.

These results reveal the importance of considering muscle fibre directions in the atrial model and tissue conductivities in the torso model. Both properties significantly influence the amplitude, duration and morphology of P-waves.

C. Contribution of individual atrial regions to the ECG {#sec011}
-------------------------------------------------------

Figs [7](#pone.0141573.g007){ref-type="fig"} and [8](#pone.0141573.g008){ref-type="fig"} show that maximum potential values and B-RMS produced by the whole atria are registered in the centre of the torso frontal surface. However, one of the biggest challenges for cardiac electrophysiologists is to assess individual contributions from each region of the atria to the complete ECG morphology. Although it is not in practice possible to divide and individualize the atrial activation sequence produced by each of the anatomical atrial structures, the use of electrophysiological modelling may help us to understand how different tissues contribute to the formation of the BSPM and the P-wave of the ECG.

As it was possible to isolate the contribution of each atrial region by masking the electrical contribution of other regions, we analysed the individual contribution to the B-RMS potential and corresponding P-wave produced by each atrial region in sinus rhythm. [Fig 10a](#pone.0141573.g010){ref-type="fig"} shows the torso surface area in which the different atrial regions present their maximum contribution to B-RMS maxima. Four spatial clusters can be identified: the G1 group (the lowest position of the frontal torso) with contributions from: RAA, RLW, TV, IB, PM, IST, RPV, LFO and ICV; the G2 group (the middle position) with contributions from: RAS, LAS, LSW, CT, BBL, SCV, BBR, MV; the G3 group (the upper position) with contributions from LAA, LPW and LPV; and the G4 group with contribution from regions with better registry on the back: LPW, LPV, RPV and CS. G1 shows the highest values produced by RAA and RLW, as confirmed from the amplitude of the individual P-wave (in red) related to the total P-wave (produced by the whole atrium) registered at the same point (in black). Should we consider the whole range of potential RMS and the B-RMS maps from each region, only 9 atrial structures/regions (RAA, RLW, TV, RAS, LAA, IB and LAS on the frontal view and LPW and LPV on the rear view), produce a significant potential contribution with very high (red) to medium (green) RMS values, as can be seen in [Fig 10b](#pone.0141573.g010){ref-type="fig"}. The other 12 atrial structures produce individual homogeneous body maps with RMS (blueish) values lower than 20% of the maximum contribution when considering the whole atria ([S1 Fig](#pone.0141573.s001){ref-type="supplementary-material"} shows the B-RMS produced by each of the 21 atrial regions). [Fig 11a](#pone.0141573.g011){ref-type="fig"} shows the potential RMS patterns obtained by adding the contribution of these 9 regions jointly, which are responsible for the 89% of the total contribution produced by the 21 regions ([Fig 8](#pone.0141573.g008){ref-type="fig"}). The other 12 structures, [Fig 11b](#pone.0141573.g011){ref-type="fig"}, are responsible for the remaining 11%, suggesting that the morphology of the total P-wave in sinus rhythm depends mainly on the 9 identified regions (even when they only represent the 65% of the total atrial volume).

![Contribution to the ECG from individual atrial regions.\
a) Location of the maximum value of potential RMS produced from each atrial structure; b) B-RMS patterns (mV~RMS~) from the individual atrial structures with the highest contributions. Also displayed the P-waves (mV *vs* ms) registered at the point with maximum potential RMS value (red line) compared with the total P-wave registered at the same point (black line).](pone.0141573.g010){#pone.0141573.g010}

![Contribution of the most influential individual atrial regions to the total RMS distribution.\
a) Joint contribution of the signals of the 9 regions jointly responsible for the 89% of the total contribution (RAA, RLW, TV, RAS, LAA, LPW, IB, LAS and LPV); b) Joint contribution from the remaining twelve regions responsible for the 11% of the total contribution.](pone.0141573.g011){#pone.0141573.g011}

These individual contributions were also analysed with respect to different positions of the electrocardiographic leads. [Fig 12](#pone.0141573.g012){ref-type="fig"} shows the signals registered in precordial leads V3 and V6, the standard lead III, and on the rear side N2, N5 and N8 (see red points in detail for an exact location on the torso surface and [S2](#pone.0141573.s002){ref-type="supplementary-material"}--[S5](#pone.0141573.s005){ref-type="supplementary-material"} Figs for the remaining leads).

![P-waves registered on the torso precordial (V3 and V6) and standard (D3) leads.\
a) and c) represent the P-wave produced by the whole atria depolarization (black line), the contribution from the RA structures (continuous red line) and the contribution from the structures in LA (dotted red line). b) and d) show only those individual regions with maximum amplitude of at least the 30% of the maximum P-wave amplitude registered at the frontal and rear sides.](pone.0141573.g012){#pone.0141573.g012}

The P-waves (black lines) produced by the complete atria depolarization at different standard locations are displayed in [Fig 12a](#pone.0141573.g012){ref-type="fig"} (torso front) and [Fig 12c](#pone.0141573.g012){ref-type="fig"} (torso back). The contribution from the RA structures (solid red line) and the contribution from the LA structures (dotted red line) is also depicted in the figure. [Fig 12b](#pone.0141573.g012){ref-type="fig"} (torso front) and [Fig 12d](#pone.0141573.g012){ref-type="fig"} (back) show only those individual regions whose contributions mainly determine the RA and the LA total waveforms, with a maximum amplitude larger than 30% of the maximum P-wave amplitude.

Similarly to V1 and V2 ([S2](#pone.0141573.s002){ref-type="supplementary-material"} and [S3](#pone.0141573.s003){ref-type="supplementary-material"} Figs), in the case of V3 the RA contribution is significantly higher than LA and determines the P-wave morphology. Within RA, the V3 waveform is mainly determined by the RLW and the RAA (blue lines) and the same occurs with lead V2. In the case of V1, the TV and the RLW contributions determine the waveform. For the LA, no individual region contributes more than 30%, hence the LA waveform is the result of a number of small contributions. The behaviour of the other three precordial leads is similar to the behaviour observed for V6 in [Fig 11](#pone.0141573.g011){ref-type="fig"} (see [S2](#pone.0141573.s002){ref-type="supplementary-material"} and [S3](#pone.0141573.s003){ref-type="supplementary-material"} Figs for V4 and V5). In V6, the RA morphology is mainly determined by the RLW (blue line), but no particular region defines the LA. However, the P-wave is the result of comparable contributions from both atria, where RA dominates the first part of the wave (until t = 70 ms) while LA starts dominating from then to the end. Finally, when registering Einthoven leads, the resulting P-wave depends on the specific lead, although both atria overlap their effects to produce M-shaped complexes with the inflexion time at t = 70 ms. Thus, in the case of the standard lead III (D3), no individual region of the RA determines the RA waveform and only LPW (orange line) appears to significantly contribute to LA morphology. However, standard lead I (D1) is defined by the contributions of RLW plus LAA, and Einthoven lead II (D2) from those produced by RLW, RAS and LPW (see [S2](#pone.0141573.s002){ref-type="supplementary-material"} and [S3](#pone.0141573.s003){ref-type="supplementary-material"} Figs).

We also show in [Fig 10](#pone.0141573.g010){ref-type="fig"} that LPW, RPV, LPV and CS produce their maximum potential on the back, where the contribution from LA structures is much higher. This is also consistent with the results in [Fig 12d](#pone.0141573.g012){ref-type="fig"}, in which, as we move towards the area of the biggest contribution, P-wave amplitude increases and the atrial structures responsible for the P-wave signal are mainly from the LA. Thus, the LPV and the LPW are the only regions defining the morphology at the central and lower rear leads N5 and N8. [S2](#pone.0141573.s002){ref-type="supplementary-material"}--[S5](#pone.0141573.s005){ref-type="supplementary-material"} Figs show the electrical signals registered on eighteen leads on the frontal and rear view of the torso surface.

Overall, although the distance between a recording lead on the torso and a given atrial region is an important determinant of potential RMS recorded, as expected, other factors such as wavefront direction has a main effect on the polarity of the signal.

Discussion {#sec012}
==========

This paper presents a new detailed multi-scale computer model for the study of atrial electrical activation. Eight different models were adjusted on the cellular scale, allowing us to generate APs personalised to different types of atrial tissues. On the organ scale, an anatomo-functional atrial model was developed including the specialized anatomical structures of the atria, cellular and tissue electrophysiological heterogeneity, with detailed descriptions of fibre orientation. As previous studies \[[@pone.0141573.ref007],[@pone.0141573.ref008],[@pone.0141573.ref040]--[@pone.0141573.ref043]\], we decided not to consider the variability of the atrial wall thickness and its contribution to the P-wave morphology. Thus, we can analyse the isolated effect of fibre direction, electrophysiological heterogeneity and tissue conductivity on the signals registered on the body surface. On the body scale, a torso model was also built containing main electrophysiological details of the principal organs to analyse the atria's electrical contribution to the P-wave of the ECG and to the BSPM.

This multi-scale model allowed us to study different scenarios and determine the complex sequences of atrial activation in order to investigate the regional correlation between the atrial de/re-polarization and the wavefronts propagating through the volume to the torso surface.

A. Multi-scale anatomical model {#sec013}
-------------------------------

Although a number of human atrial models already exist to study electrophysiology under physiological and pathological conditions, only a few of them present realistic geometry \[[@pone.0141573.ref008],[@pone.0141573.ref041],[@pone.0141573.ref044],[@pone.0141573.ref045]\]. Of these, only a reduced subset consider a realistic geometry together with a detailed description of fibre orientation, specialized atrial structures and electrophysiological heterogeneities and are able to reproduce atrial activation patterns similar to those observed experimentally \[[@pone.0141573.ref008],[@pone.0141573.ref041]\].

The multi-scale atria-torso model presented here improves on a number of the properties of our original computational atrial model, including: first, with regard to atrial mesh quality, hexahedral voxels were used with the higher homogeneous spatial resolution of 0.3 mm, as in \[[@pone.0141573.ref041],[@pone.0141573.ref044],[@pone.0141573.ref045]\]. Thanks to the high quality and regularity of the mesh, the stability of numerical computations is guaranteed \[[@pone.0141573.ref046]\]. Second, the number and size of PMs of the specialized anatomical atrial structures were redefined in line with histological observations, covering the endocardial surface of RLW and RAA, from the CT to the vestibule of the TV \[[@pone.0141573.ref015]\]. Additionally, the BB was lengthened to join the SAN in the RA and to hug the LAA on its left side \[[@pone.0141573.ref047]\]. Third, with respect to tissue anisotropy, the whole atrium was divided into 21 anatomical structures and 53 sub-regions in order to improve the local control of fibre orientation, mainly at the conduction structures (CT, PM and both sides of BB). The orientation of several regions was updated with respect to our previous model, to agree with descriptions extracted from new histological data \[[@pone.0141573.ref008]\]. Fourth, with respect to the cellular AP, the basic model was changed from Nygren et al. \[[@pone.0141573.ref048]\] to Maleckar et al. \[[@pone.0141573.ref011]\], since Maleckar's model shows long-term stability in terms of restitution properties and APD~90~. The stability of these dynamic properties was considered essential to develop and validate the eight regional cell models in physiological conditions (RA/PM, CT/BB, RAA, TVR, LA, PV, LAA and MVR). All these cellular models reach steady state after approximately 10 min, although the stabilization process was carried out for 60 min, allowing robust usage at both the cell and tissue level for investigation of the human atria \[[@pone.0141573.ref049]\]. Fifth, with respect to tissue conductivity, different values of longitudinal conductivity and anisotropy ratios were defined as a function of the atrial region (RA/LA, CT/LFO, PV, BB/PM, IST, SAN, CS and the isolating layers of FO and inside BB). A limited number of experimental studies provide values of conduction velocities from healthy subjects in sinus rhythm, with measurements in a few human atrial structures \[[@pone.0141573.ref016],[@pone.0141573.ref028],[@pone.0141573.ref029]\]. The conduction properties presented here (conduction velocities ranging from 63.3 cm/sec in RA and LA to 116.0 cm/sec in BB and PM) were then compared and validated against experimental atrial conduction velocities, ranging from the minimum mean reported velocity of 70.2±9.9 cm/s from RA \[[@pone.0141573.ref029]\] to 140 cm/s maximum velocity measured at CT \[[@pone.0141573.ref028]\]. Experimental local activation time maps were also used to validate the atrial activation sequence. The model produced the first LA activation through the BB and the latest RA and LA activation times at 38 ms, 109 ms and 132 ms, respectively, which are within the experimental ranges given by 31±13 ms, 93±17 ms and 116±18 ms registered at the same locations \[[@pone.0141573.ref025]\]. This is the common approach followed in computational modelling \[[@pone.0141573.ref004],[@pone.0141573.ref023],[@pone.0141573.ref050]\]. Sixth, a torso model containing a carefully adjusted atrial model was constructed from experimental data \[[@pone.0141573.ref030]\] in order to compute and analyse volumetric electrical propagation, BSPMs, P-waves and the contributions from individual atrial structures. Previous torso models developed to study atrial electrophysiology were modelled using simple spherical models containing the passive volume conductor \[[@pone.0141573.ref002]\] had a poor geometrical description of the thorax anatomy \[[@pone.0141573.ref040]\] or included only a subset of organs \[[@pone.0141573.ref051]\]. Multi-scale atrial models that have included an anatomically detailed torso model, such as \[[@pone.0141573.ref052]\], have been shown to be able to adequately reproduce clinical data under both healthy and pathological conditions. Our anatomically-detailed atria-torso model was designed with the aim of studying the atria-torso regional correlation and to analyse the individual contribution of each part of the atria in the formation of the P-wave and BSPM, which is an aspect that has not been studied before.

B. Multi-scale electrophysiology modelling {#sec014}
------------------------------------------

After coupling the cellular models in 3D, differences in AP morphology were registered when computing and comparing the AP at both levels. These changes, due to the electrical coupling between myocytes, equalize ionic loads and relax the border effects between regions, producing a reduction in the maximum AP amplitude and subtle differences in APD~90~. When considering all action potentials recorded from each atrial region, the APD~90~ value ranges from 178.9±8.2 ms in the PVs to 222.4±4.3 ms in the BB, with a total maximum variability between regions of 56 ms, slightly lower than the variability produced by differences at the cellular level (66 ms between the same regions, see [Table 1](#pone.0141573.t001){ref-type="table"}).

The final multi-scale atrial model produces an activation sequence that matches experimental local activation times. Thus, the latest RA activation time (t = 109 ms) as well as the first and latest LA activations times (t = 38 ms and t = 132 ms respectively) registered in the model are within the experimental ranges of 93±17 ms, 31±13 ms and 116±18 ms, respectively \[[@pone.0141573.ref025]\].

Using this new multi-scale model, we analysed the influence of both the atrial tissue fibre orientation and the heterogeneity of the torso model on the P-wave characteristics. The effect produced by fibre orientation was also studied at the atrial and torso levels. Our results showed that an isotropic atrial tissue (without considering fibre direction) influences the mean effective velocity and the depolarization pattern, making the depolarization wavefront arrive between 2 and 4 ms earlier at BB and CT but 32ms later at LAA and LPW. These changes are mainly dependent on the degree of alignment between the local direction of fibres in a region and the direction in which the depolarization wavefront enters that region. The transversal direction of the fibres in RAA, TV and LAA therefore slowed down the advance of the wavefront in the anisotropic model. However, in the case of the right inferior LPW, the increase is mainly due to a new wavefront crossing the LFO region and depolarizing the LIPV and inferior LPW faster. The final effects of isotropy on the atrial activation sequence were in agreement with the findings of Roberts et al. \[[@pone.0141573.ref053]\], who in 1979 experimentally analysed the interdependence between fibre direction, conduction velocity and potential generated by a depolarization wave, concluding that fibre direction has major effects on all of these variables. In the ECG, atrial isotropy produces a reduction in P-wave duration and an increase in its amplitude, mainly due to the above-mentioned changes in the activation atrial pattern. This effect has been experimentally measured by Huo et al. \[[@pone.0141573.ref003]\], who recently established a causal association between P-wave morphology/duration, histological abnormalities of the atrial myocardium and the major atrial conduction routes.

Our analysis was carried out using a different setup to previous studies \[[@pone.0141573.ref054],[@pone.0141573.ref055]\], whose aim was to analyse the combined effect of fibre isotropy and homogeneous atrial conductivity. However, we only used an anisotropy ratio of 1:1, keeping the specific tissue heterogeneity in order to isolate the effect produced by fibre orientation.

The influence of the torso model on the volumetric propagation of the atrial activation and on the morphology of the resulting P-waves and BSPM was also analysed. The first computational torso models considered it to be a finite, homogeneous and isotropic conductor and did not take into account changes produced by tissues and organs \[[@pone.0141573.ref056]--[@pone.0141573.ref058]\]. The first model that considered different electrical properties of tissues (skin, fat, muscle, bone and vessels) and organs (lungs and heart) was developed by MacLeod et al. in 1991 \[[@pone.0141573.ref030]\], who used 116 MRIs from a single patient. Subsequent studies \[[@pone.0141573.ref059]--[@pone.0141573.ref061]\] were able to predict changes in forward-calculated body surface potential maps (BSPMs) caused by variations in tissue conductivities. Recent torso models \[[@pone.0141573.ref041],[@pone.0141573.ref062]\] tried to adapt the anatomical form of the torso to different types of patients, aiming to deal with the inverse problem in electrocardiography. The torso model developed in the present work includes all these previous elements: a realistic anatomy derived from an image sequence, the most influential organs with realistic conductivity values and a highly refined area surrounding the atrial myocardium to increase the number of nodes where the extracellular potential is calculated. This new model makes it possible not only to study surface maps, but also volumetric maps, which can help in understanding the influence on P-wave morphology of: atrial fibre direction, electrophysiological tissue heterogeneity, local atrial conductivity and anisotropy, and organ conductivities.

Consequently, our results show that realistic atrial fibre orientation and heterogeneous torso models are essential characteristics of multi-scale models used to simulate human atrial and torso behaviours.

C. Body Potential Maps and P-wave {#sec015}
---------------------------------

In clinical practice it is rather difficult to acquire electro anatomical maps (EAMs) simultaneously to BSPMs, and impossible for healthy subjects. Furthermore, only limited data on BSPM is available in clinical routine. This is due to the relative novelty of BSPM, the lack of consensus in the number and position of leads in experimental BSPM \[[@pone.0141573.ref063]\] and the difficulty of interpreting such a large amount of information \[[@pone.0141573.ref064]\]. The enhanced spatial resolution provided by the multiple electrode system provides more detailed information on temporal and spatial distributions of cardiac electrical activity than the standard 12-lead electrocardiography \[[@pone.0141573.ref065]--[@pone.0141573.ref067]\]. Also, as has already been stated, understanding BSPM during normal cardiac excitation should also serve as the baseline for understanding abnormal cardiac electrical activity and rhythm disorders of the heart \[[@pone.0141573.ref068]\].

The use of computational modelling techniques and the specific atria-torso multi-scale model developed here may help not only to understand normal atrial excitation and how this sequence physiologically propagates through the torso, but also i) to study the volumetric and superficial effect produced by the excitation of the complete atria and also those produced by individual atrial structures; and ii) to rapidly infer morphological information on the superficial P-waves in any lead.

We have shown that when considering anisotropy, physiological atrial depolarization produces a standard electrical pattern on the BSPM different from that produced when fibre orientation is neglected (Figs [7](#pone.0141573.g007){ref-type="fig"}--[9](#pone.0141573.g009){ref-type="fig"}) and comparable to those experimentally measured by \[[@pone.0141573.ref068]--[@pone.0141573.ref071]\]. Thus, a dipolar distribution characterizes the surface potential maps with negative and positive time integral distributions located in the frontal upper right and lower left quadrants, respectively. This general behaviour is also in agreement with previous computational atria-torso models \[[@pone.0141573.ref002],[@pone.0141573.ref004],[@pone.0141573.ref040]\] although the latter models use a simplified torso anatomy or consider only a limited number of organs.

Additionally, the use of FEM instead of BEM to simulate electrical propagation allowed us to analyse the surface maps ([Fig 7b](#pone.0141573.g007){ref-type="fig"}) and to understand how BSPM is formed from the propagation of the electrical wavefront through the torso volume \[[@pone.0141573.ref064]\]. We analysed the volumetric propagation by means of slices of the torso from multiple axial views ([Fig 7c](#pone.0141573.g007){ref-type="fig"}) and studied the spatio-temporal volumetric distribution of the electrical dipole. It was thus possible to determine the part of the atria responsible for the negative and positive time integrals in the frontal view (negatives produced by CT/IB and positives produced by RLW/RAA) and in the rear view (positive time integrals start appearing from t = 70ms mainly dominated by the LSW, LPW and LPV) of the torso surface.

We analysed the P-wave in individual torso leads by means of the root mean square (RMS) value, to simplify the analysis of the spatial and morphological variations of the P-wave and BSPM \[[@pone.0141573.ref072],[@pone.0141573.ref073]\]. This method therefore allowed us to extract information on total P-wave morphology and amplitude by observing the RMS distribution map ([Fig 8](#pone.0141573.g008){ref-type="fig"}). The expected P-wave morphologies, such as those registered in specific areas of the torso surface with positive and negative single-phase, as well as biphasic or M-shaped complexes, are in agreement with experimental measurements reported by \[[@pone.0141573.ref003],[@pone.0141573.ref070]\]. This approach also made it possible to study the individual RMS patterns ([Fig 10](#pone.0141573.g010){ref-type="fig"}) and the individual pseudo P-waves ([Fig 12](#pone.0141573.g012){ref-type="fig"}) registered on the torso surface. Our RMS study shows that only 9 regions are responsible for almost 90% of the total atrial contribution to the RMS torso surface pattern ([Fig 11](#pone.0141573.g011){ref-type="fig"}), while two regions of RA (RLW and RAA) and two of LA (LPW and LPV) are mainly responsible for the total P-wave morphology. However, as there are no previous experimental or computational studies that show how individual atrial structures contribute to the body surface maps it has not been possible to validate our results.

Conclusions {#sec016}
===========

We consider the major contributions of our study are: 1) a realistic and highly detailed multi-scale atrial-torso model to analyse atrial activation and 2) the possibility of using this model to determine the contribution of different atrial structures to the P-wave and the BSPM distribution in healthy subjects.

This multi-scale atrial-torso model has three main characteristics: 1) electrophysiological heterogeneity due to eight different cellular models with long-term stability in terms of APD~90~ and restitution properties that guarantee the stability of numerical computations; 2) the realistic atrial model has high spatial resolution and is divided into small structures to improve the local control of the histological fibre orientation and electrical properties; 3) a realistic torso model with the highest spatial resolution in the area surrounding the atrium, the most influential tissue conductivities on the generation of body surface and volumetric potentials, and P-wave morphologies.

The simulations carried out using this multi-scale model allowed us to identify the contributions from different parts of the atria and determine their influence on the generation of the P-wave, body surface potential and RMS maps. From the results obtained we concluded that RAA and RLW were the two atrial regions with the biggest influence on the torso frontal surface under normal conditions, due to their size, location and orientation. Furthermore, as P-wave signals in the rear view of the torso surface were mainly produced by LA activation and specifically by the LPW and pulmonary veins, their influence could be analysed individually. The most appropriate locations to register complete P-waves are the centre and the upper right quadrant in the frontal view and the lower left quadrant in the frontal and rear views. Our multi-scale model is an excellent tool to study the effects of pathological substrate from a given region of the atria on the BSPM in order to determine the relationship between pathological substrates and BSPM. It is therefore a promising approach to quantifying the specific effect of pathological regions in the BSPM and to characterising typical scenarios linked to arrhythmic episodes.
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###### Body surface RMS maps from the 21 individualized atrial regions.
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Click here for additional data file.

###### P-waves produced by the RA structures and registered on precordial and standard leads.

For each lead: left panel shows the standard P-wave (continuous black line), the P-wave produced by the RA (dotted black line) and the P-waves produced by individual structures with a contribution higher than 30% of the total P-wave maximum amplitude (colored lines); right panel shows the individual P-waves from RA structures below that 30% (the remaining atrial structures).
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Click here for additional data file.

###### P-waves produced by the LA structures and registered on precordial and standard leads.

For each lead: left panel shows the standard P-wave (continuous black line), the P-wave produced by the LA (dotted black line) and the P-waves produced by individual structures with a contribution higher than 30% of the total P-wave maximum amplitude (colored lines); right panel shows the individual P-waves from LA structures below that 30% (the remaining atrial structures).
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Click here for additional data file.

###### P-waves produced by the RA structures and registered on the back of the torso.

For each lead: left panel shows the standard P-wave (continuous black line), the P-wave produced by the RA (dotted black line) and the P-waves produced by individual structures with a contribution higher than 30% of the total P-wave maximum amplitude (colored lines); right panel shows the individual P-waves from RA structures below that 30% (the remaining atrial structures).
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Click here for additional data file.

###### P-waves produced by the LA structures and registered on the back of the torso.

For each lead: left panel shows the standard P-wave (continuous black line), the P-wave produced by the LA (dotted black line) and the P-waves produced by individual structures with a contribution higher than 30% of the total P-wave maximum amplitude (colored lines); right panel shows the individual P-waves from LA structures below that 30% (the remaining atrial structures).
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Click here for additional data file.

###### List of atrial regions and their main electrical properties.

(PDF)
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Click here for additional data file.

###### Atrial activation sequence.

Upper left: frontal view; Upper right: rear view; Lower left: inferior view; Lower right: right lateral view.
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Click here for additional data file.

###### Atrial and torso simulations.

Upper left: atrial activation sequence; Upper right: BSPM with isochronal lines; Lower left: transvers plane of the torso model at the V1 and V2 height; Lower right: P-waves registered at the precordial leads V1 to V6.
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###### 

Click here for additional data file.
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